Introduction
============

Parkinson's disease (PD) is a neurodegenerative disorder characterized by progressive loss of dopaminergic neurons in the substantia niagra.[@b1-ndt-10-039] PD is the second most common neurologic disease after Alzheimer's disease, and 30%--50% of PD patients suffer from levodopa-induced dyskinesia (LID) after administration of levodopa for 5--10 years.[@b2-ndt-10-039] Levodopa remains the most effective drug for the treatment of PD.[@b3-ndt-10-039],[@b4-ndt-10-039] Unfortunately, with disease progression, levodopa reduces parkinsonism at the cost of evoking abnormal involuntary movements (AIMS), ie, LID.[@b5-ndt-10-039],[@b6-ndt-10-039] Until now, the pathogenesis of LID remains poorly understood.

As we known, dopaminergic nigrostriatal depletion accompanied by the unique pharmacokinetics and action of levodopa. Pulsatile dopamine stimulation plays a key role in development of LID, and can induce overexpression of immediate early genes such as Arc and proenkephalin (Penk) in levodopa-primed PD rats, as we have previously reported.[@b7-ndt-10-039] The resulting changes in corticostriatal transmission and plastic synaptic abnormalities in striatal spiny neurons may alter the physiological activity of the striatopallidal circuits, leading to an abnormal pattern of neuronal activity. The strategy used to treat LID is reduction of dopaminergic stimulation. However, this has the potential to worsen parkinsonism in PD. Bilateral subthalamic nucleus deep brain stimulation is effective in ameliorating LID, and allows reduction of the dose of levodopa. Thus, expression of LID in PD is reduced. However, not all patients are suitable for surgery, so an adjunctive drug such as amantadine is used to treat LID. Although LID in PD is attenuated by amantadine,[@b8-ndt-10-039] the drug can only provide short-term benefits in the treatment of the condition.[@b9-ndt-10-039] For this reason, we need to find other drugs for the treatment of PD. Recent studies have shown that one potential target is the histamine system. For example, Johnston et al reported that famotidine could reduce LID in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned macaque model of Parkinson's disease.[@b10-ndt-10-039] As we know, the central histaminergic system is involved in diverse biological functions, including thermoregulation, eating, and sleep. A role in motor activity is suggested by strong histaminergic innervation of the basal ganglia.[@b11-ndt-10-039],[@b12-ndt-10-039] Histamine exerts its effects through four receptor subtypes, ie, H~1~--H~4~.[@b13-ndt-10-039] However, only histamine H~2~ and H~3~ receptors are closely correlated with expression of LID. Histamine H~2~ receptors are highly expressed in the input (striatum) and output (globus pallidus, substantia nigra) regions of the basal ganglia.[@b14-ndt-10-039] More importantly, the histamine H~2~ receptor modulates dopamine D1-mediated activation by decreasing acetylcholine levels in the direct pathway.[@b15-ndt-10-039] A limited number of studies have investigated the effect of H~2~ receptor antagonists on LID. Here we report on chronic administration of ranitidine, a histamine H~2~ receptor antagonist, that could be used to alleviate LID in levodopa-primed PD rats.

Materials and methods
=====================

Experimental protocol
---------------------

6-hydroxydopamine (OHDA) injections were used to produce a rat model of PD. After 3 weeks of injections, rats showing stable apomorphine-induced rotations (more than seven turns per minute) were selected as valid PD rats and treated with levodopa plus benserazide twice daily for 21 days. In the first experiment ([Figure 1A](#f1-ndt-10-039){ref-type="fig"}), dyskinetic rats were divided into three groups and treated with ranitidine at different doses (5 mg/kg, 10 mg/kg, and 20 mg/kg) or vehicle 5 minutes before administration of levodopa (25 mg/kg plus benserazide 12.5 mg/kg, both intraperitoneally). AIMS scores and rotations were measured at 20, 40, 60, 80, 100, 120, 140, 160, and 180 minutes after treatment. In the second experiment ([Figure 1B](#f1-ndt-10-039){ref-type="fig"}), dyskinetic rats were divided into three groups and treated with ranitidine at different doses (5 mg/kg, 10 mg/kg, and 20 mg/kg) or vehicle 5 minutes before administration of levodopa (25 mg/kg plus benserazide 12.5 mg/kg, both intraperitoneally) daily for 22 days. AIMS scores and rotations were measured at days 1, 4, 7, 10, 13, 16, 19, 21 and 22 of treatment. The forelimb adjusting steps test was performed on day 7 of treatment. On day 22, all rats were sacrificed after their last behavioral test, and Penk and Arc levels in the striatum were measured by real-time polymerase chain reaction (PCR).

Animals
-------

Ninety-five adult rats (Sprague-Dawley females, 180--220 g) were used in this study. All protocols involving these animals were performed according to the guidelines of the National Institutes of Health for the Care and Use of Laboratory Animals.

Lesions
-------

All animals received injections containing 8 μg of 6-OHDA (dissolved in 4 μL of 0.9% physiologic saline containing 0.02% ascorbic acid; Sigma-Aldrich, St Louis, MO, USA) into the right medial forebrain bundle. The coordinates used were in accordance with an atlas of the rat brain[@b16-ndt-10-039] (bregma 4.5 mm; lateral 0.9 mm; dura 7.5 mm). Three weeks after the injections, rats showing stable apomorphine-induced rotational asymmetry of at least seven full turns per minute away from the lesioned side were selected for the next experiment. It has been demonstrated that rats manifesting this circling behavior display more than 90% depletion of striatal dopamine.[@b17-ndt-10-039]

Treatment
---------

Valid PD rats were treated with levodopa (25 mg/kg plus benserazide 12.5 mg/kg, both intraperitoneally) daily for 21 days. Animals not developing moderate AIMS were excluded from the study (total AIMS ≤30 on day 7). In total, 56 rats met the criteria. Twenty-eight rats were involved in each experiment. In the first experiment, the effects of acute ranitidine administration on LID and levodopa-induced rotations in rats with dyskinesia were assessed. The dyskinetic rats were divided into three groups and treated with ranitidine at different doses (5 mg/kg, 10 mg/kg, and 20 mg/kg) or vehicle 5 minutes before administration of levodopa (25 mg/kg plus benserazide 12.5 mg/kg, intraperitoneally). In the second experiment, the effects of chronic ranitidine administration on LID and levodopa-induced rotations in rats with dyskinesia were assessed. As in the first experiment, rats with dyskinesia were divided into three groups and treated with ranitidine at different doses (5 mg/kg, 10 mg/kg, and 20 mg/kg) or vehicle 5 minutes before administration of levodopa (25 mg/kg plus benserazide 12.5 mg/kg, both intraperitoneally) daily for 22 days. Immediately after treatment, the rats were monitored for AIMS and rotations for 180 minutes. All investigators were blinded to the treatment and the behavioral tests.

Abnormal involuntary movements
------------------------------

Rats were monitored for AIMS using a previously reported procedure.[@b18-ndt-10-039] On test days, the rats were individually placed in plastic trays 5 minutes before drug treatment. Following injection, each rat was assessed for axial, limb, orolingual, and locomotor movements. At 20-minute intervals (ie, from 20, 40, 60, 80 minutes onwards), AIMS were rated over 60 seconds in each rat for a total of 180 minutes, during which time a severity score of 0--4 was assigned for each AIMS category. A score of 0 was assigned for the absence of AIMS; 1 for occasional AIMS (\<50% of observation time); 2 for frequent AIMS (\>50% of observation time); 3 for AIMS that were continuous but interrupted by strong sensory stimuli; and 4 for continuous, uninterrupted AIMS. For each AIMS category, the scores were summed for each time point.

Forelimb adjusting steps test
-----------------------------

The stepping test was performed as previously described.[@b19-ndt-10-039] Briefly, the rat was held by the experimenter, fixing the hind limbs with one hand and the forelimb not to be monitored with the other, while the unrestrained forepaw was touching the table. The number of adjusting steps was counted for both forelimbs while the rat was moved sideways along the table surface (90 cm in 5 seconds) in the forward and backward directions, and the average of the steps in the two directions was recorded. Performance of the animals in the stepping test was assessed on treatment day 7, as shown in [Figure 1B](#f1-ndt-10-039){ref-type="fig"}.

Real-time PCR
-------------

Arc and Penk levels were measured by real-time PCR, as previously reported.[@b7-ndt-10-039] The rats were sacrificed by deep anesthesia after their last behavioral test, after which striatal tissues from the sham and 6-OHDA-lesioned rats treated with vehicle or pulsatile levodopa alone or in combination with ranitidine were homogenized, and total RNA was extracted using Trizol reagent (Life Technologies, Carlsbad, CA, USA). The primer sequences used in this study were as follows: 5′-CTGCCACAGAAGCAGGGTGA-3′ (forward) and 5′-AGGGTGCCCACCACATACTGA-3′ (reverse) for Arc; 5′-TGGCTACAGTGCAGGCAGA-3′ (forward) and 5′-TTGTACATGTCGATGTTATCCCAAG-3′ (reverse) for Penk. The PCR amplifications were performed using 50 cycles of denaturation at 95°C for 15 seconds, with annealing at 60°C for 30 seconds and extension at 72°C for 20 seconds using the ABI 7300 Real-Time PCR System (Life Technologies). The results are shown as relative expression corrected to the house-keeping gene β-actin.

Data analysis
-------------

The data are expressed as the mean ± standard error of the mean. AIMS and rotations were analyzed by two-way repeated-measures analysis of variance followed by the Bonferroni post hoc. Forelimb adjusting steps and Arc and Penk levels were analyzed by one-way analysis of variance followed by the Newman-Keuls post hoc test. A *P*-value less than 0.05 was considered to be statistically significant.

Results
=======

Effects of acute ranitidine administration on levodopa-induced AIMS and rotations
---------------------------------------------------------------------------------

As shown in [Figure 2A](#f2-ndt-10-039){ref-type="fig"}, pulsatile administration of levodopa in PD rats induced increased expression of LID. Acute administration of ranitidine at different doses (5 mg/kg, 10 mg/kg, and 20 mg/kg) had no obvious effect on expression of LID in the dyskinetic rats. As shown in [Figure 2B](#f2-ndt-10-039){ref-type="fig"}, there was a significant effect of time on levodopa-induced rotations. Acute ranitidine administration at different doses (5 mg/kg, 10 mg/kg, and 20 mg/kg) had no effect on levodopa-induced rotations in the dyskinetic rats.

Effects of chronic ranitidine administration on levodopa-induced AIMSand rotations
----------------------------------------------------------------------------------

Three doses of ranitidine (5 mg/kg, 10 mg/kg, and 20 mg/kg) were tested in levodopa-primed rats to determine their effects on AIMS and rotations. As shown in [Figure 3A](#f3-ndt-10-039){ref-type="fig"}, intermittent administration of levodopa induced LID in 6-OHDA-lesioned rats. However, chronic administration of ranitidine (10 mg/kg and 20 mg/kg) with levodopa reduced the expression of LID in the dyskinetic rats. The 5 mg/kg dose of ranitidine had no effect. These data indicate that ranitidine could be used to reduce the expression of LID in rats with dyskinesia, but only at a high dose. Moreover, there was no difference in AIMS between the 10 mg ranitidine group and 20 mg ranitidine group, indicating that 10 mg/kg is an appropriate dose for reducing LID in levodopa-primed PD rats. Numbers of levodopa-induced rotations were then measured. As shown in [Figure 3B](#f3-ndt-10-039){ref-type="fig"}, the different doses of ranitidine (5 mg/kg, 10 mg/kg, and 20 mg/kg) had no effect on levodopa-induced rotations.

Effects of ranitidine on motor performance
------------------------------------------

The forelimb adjusting steps test was used to determine whether a high dose of ranitidine (10 mg/kg) affects the therapeutic efficacy of levodopa. As shown in [Figure 4](#f4-ndt-10-039){ref-type="fig"}, treatment with ranitidine plus levodopa significantly improved stepping of the lesioned forepaw in PD rats. There were no significant treatment effects from ranitidine on intact forepaw stepping (data not shown).

Coadministration of ranitidine and levodopa prevented increases in Arc and Penk in levodopa-treated PD rats
-----------------------------------------------------------------------------------------------------------

Arc and Penk levels were measured by real-time PCR. As shown in [Figure 5](#f5-ndt-10-039){ref-type="fig"}, Arc and Penk were increased in 6-OHDA-lesioned rats. Pulsatile levodopa treatment induced a further increase of Arc and Penk in these rats. In contrast, treatment with ranitidine 10 mg/kg prevented the increase in Arc and Penk in PD rats treated long term with levodopa.

Discussion
==========

From our study, we found that: acute administration of ranitidine had no effect on expression of dyskinesia induced by levodopa in dyskinetic rats; chronic treatment with ranitidine reduced the expression of LID and improved stepping of the lesioned forepaw without affecting the antiparkinsonian effect of levodopa in dyskinetic rats; and chronic treatment with ranitidine depressed Arc and Penk levels in the striatal tissue of levodopa-primed rats.

Dopamine denervation is the pathologic hallmark of PD. Levodopa remains the most effective drug in the treatment of the disease. However, LID is a severe complication caused by levodopa.[@b20-ndt-10-039],[@b21-ndt-10-039] In the present study, we found that treatment with levodopa induced full LID expression in PD rats, including axial, forelimb, orolingual, and locomotor dyskinesia, as demonstrated by increased AIMS over 22 days. Acute administration of ranitidine had no effect on LID. However, chronic administration of ranitidine could reduce established LID, but only at a high dose. This indicates that although established LID is difficult to treat, long-term treatment with ranitidine has the potential to reverse it. The forelimb adjusting steps test was used to determine whether administration of ranitidine affects the therapeutic efficacy of levodopa. We found that treatment with ranitidine plus levodopa significantly improved stepping of the lesioned forepaw in PD rats, suggesting that ranitidine may be a good adjunct for reducing LID. We note previous studies in humans showing that chronic treatment with ranitidine can induce movement disorders such as dystonia and chorea,[@b22-ndt-10-039],[@b23-ndt-10-039] which seems to be inconsistent with the findings of our study. We believe that this discrepancy was because ranitidine was given to different subjects.

The precise pathophysiology of LID remains unclear. Previous research has demonstrated that the histamine H~2~ receptor is involved in expression of LID.[@b10-ndt-10-039] Histamine via H~2~ receptors indirectly increases the firing frequency of projection neurons in the substantia nigra pars reticulate, so may contribute to the overactive basal ganglia output in PD.[@b24-ndt-10-039] Therefore, H~2~ antagonists could potentially act synergistically with levodopa to reduce overactivity of the substantia nigra pars reticulata. Previous studies have also indicated that H~2~ antagonists have the ability to modulate striatal release of acetylcholine.[@b25-ndt-10-039],[@b26-ndt-10-039] Moreover, histamine H~2~ receptor stimulation decreases acetylcholine in the striatum and then reduces dopamine D1-mediated activation, leading to increased activity in the direct striatal output pathway.[@b15-ndt-10-039] As we know, D1-mediated activation is closely correlated with LID. Further, a previous study showed that famotidine, a type of histamine H~2~ receptor antagonist, could reduce LID in the MPTP-lesioned macaque model of PD.[@b10-ndt-10-039] Therefore, we assumed that histamine H~2~ may be involved in the expression of LID, and that modulation of the histamine H~2~ receptor may affect this. In our study, we found that chronic treatment with ranitidine reduced established LID without affecting the antiparkinsonian effect of levodopa, which confirmed our assumption.

It is well known that dopamine depletion results in enhanced responsiveness of striatal neurons in the direct striatonigral pathway after intermittent administration of levodopa. Previous studies have demonstrated that the ability of dopamine to stimulate adenylyl cyclase and protein kinase A via activation of the D1 receptor is enhanced in the rat model of PD,[@b27-ndt-10-039] which may represent a compensation for the lack of striatal dopamine. LID can be evoked by persistent hyperactivation of cAMP/PKA signaling in medium spiny neurons.[@b28-ndt-10-039]--[@b30-ndt-10-039] cAMP-regulated phosphoprotein of molecular mass 32,000 (DARPP-32) is one of the important mediators of cAMP signaling, and is well known to play a critical role in D1R-mediated transmission.[@b31-ndt-10-039] It is now well established that phosphorylation of DARPP-32 at threonine 34 may have important consequences in the increased expression of LID.[@b32-ndt-10-039]--[@b34-ndt-10-039] One possible mechanism by which DARPP-32 participates in changes in the early gene expression associated with LID is to induce early gene expression of, eg, ΔFosB, and regulate the state of phosphorylation of two mitogen-activated protein kinases, ie, extracellular signal-regulated kinases 1 and 2 (ERK1 and ERK2, respectively).[@b35-ndt-10-039]

Based on the discussion above, we can draw the conclusion that phospho-DARPP-32-Thr34 and phosphorylated ERK1/2 play an important role in the expression of LID. Importantly, p-DARPP-32 and p-ERK1/2 induce expression of immediate early genes, such as Arc and Penk, in dyskinetic rats, as we have previously reported.[@b7-ndt-10-039] Striatal dynorphin levels are then increased in PD rats after activation of these two genes.[@b36-ndt-10-039] As we know, dynorphin is closely correlated with expression of LID.[@b7-ndt-10-039] In the present study, long-term treatment with levodopa induced an increase in Arc and Penk levels. However, chronic administration of ranitidine could reduce Arc and Penk expression in rats with established PD, which may account for the antidyskinetic effect of ranitidine.

Taken together, we have shown that a significant proportion of motor complications in PD occurs subsequent to a persistently sensitized response to levodopa and upregulation of the protein kinase A-mediated signaling pathway. However, chronic administration of ranitidine reduced the expression of LID in rats with dyskinesia. Inhibition of dopamine D1-mediated activation in the direct pathway may account for the antidyskinetic effects of ranitidine in these rats.
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![Protocol for the experiment. (**A**) Acute and (**B**) chronic ranitidine administration in dyskinetic rats.\
**Abbreviations:** AIMS, abnormal involuntary movements; PD, Parkinson's disease; 6-OHDA, 6-hydroxydopamine; PCR, polymerase chain reaction.](ndt-10-039Fig1){#f1-ndt-10-039}

![Effects of acute ranitidine administration on axial/limb/orolingual AIMS and rotations in levodopa (25 mg/kg) + benserazide (12.5 mg/kg)-primed, hemiparkinsonian rats (n=7).\
**Abbreviation:** AIMS, abnormal involuntary movements.](ndt-10-039Fig2){#f2-ndt-10-039}

![Effects of chronic ranitidine administration on AIMS and rotations in seven hemiparkinsonian rats primed with levodopa (25 mg/kg) + benserazide (12.5 mg/kg).\
**Notes:** \**P*\<0.05 versus vehicle; ^\#^*P*\<0.01 versus vehicle. AIMS were analyzed by two-way repeated-measures analysis of variance, followed by the Bonferroni post hoc test. Rotations were analyzed by two-way analysis of variance, followed by the Bonferroni post hoc test.\
**Abbreviation:** AIMS, abnormal involuntary movements.](ndt-10-039Fig3){#f3-ndt-10-039}

![Effects of ranitidine on motor performance in the forepaw adjusting steps test in seven hemiparkinsonian rats primed with levodopa (25 mg/kg) + benserazide (12.5 mg/kg). \**P*\<0.05, versus levodopa + vehicle group; \*\**P*\<0.01 versus levodopa + vehicle group. The data were analyzed by one-way analysis of variance, followed by the Newman-Keuls post hoc test.\
**Abbreviation:** PD, Parkinson's disease.](ndt-10-039Fig4){#f4-ndt-10-039}

![Treatment with ranitidine prevented an increase in Arc and Penk. Arc and Penk levels were increased in PD rats. Repeated levodopa treatment induced further increased expression of Arc and Penk levels. Conversely, ranitidine prevented the increase of Arc and Penk (seven rats per group). (**A**) \**P*\<0.05 versus sham group; ^\#^*P*\<0.01 versus PD group; ^\#\#^*P*\<0.01 versus levodopa group. (**B**) \**P*\<0.05 versus sham group; \*\**P*\<0.01 versus PD group; ^\#^*P*\<0.05 versus levodopa group. The data were analyzed by one-way analysis of variance, followed by the Newman-Keuls post hoc test.\
**Abbreviations:** PD, Parkinson's disease; mRNA, messenger RNA.](ndt-10-039Fig5){#f5-ndt-10-039}
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